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Abstract: 
2D and 3D micro/nano fabrication based on two-photon polymerization (TPP) has 
emerged as a strong contender for additive manufacturing for wide variety of applications. In 
this manuscript we report  one step patterning of structurally stable, subwavelength  2D and 
3D gold nanostructures using femto-second laser by incorporating single photon 
photoinitiator only in pure and metal precursor doped polymers. The metal polymer 
composite nanostructures are written directly by in-situ reduction of gold precursor within the 
photoresist using femto-second laser irradiation. The photo-initiator triggers the reduction of 
gold precursor and induces simultaneous polymerization of the photoresist based on two-
photon absorption phenomenon. Diffraction gratings with varied loading of gold precursors 
in photoresist have been fabricated and characterized by measuring their diffraction 
efficiencies in the infrared region.  Minimum line width of 390 nm has been achieved for 5 
wt% gold loaded polymers. Systematic studies of the effect of laser power, metal precursor 
loading etc. on the line-widths have also been performed. These investigations are expected 
to pave way for exploration of new material combinations for development of simple 
fabrication for fabrication of metal composite functional structures  at significantly low cost 
and with high-throughput. 
  
Introduction: 
Two-dimensional (2D) and three-dimensional (3D) metallic micro/nano structures have been 
explored in various fields like MEMS/NEMS, nanophotonics, optoelectronics, and 
biomedical applications, to name a few [1],[2],[3],[4],[5]. 1D and 2D subwavelength period 
diffraction metallic gratings have been used for numerous applications in optoelectronics for 
pulse compression[6], enhancing solar cell efficiency[7], and for polarizing light [8],[9] etc. 
Fabrication of such gratings supporting plasmon resonance is not only complicated but also 
requires time consuming multistep processes. In this context two-photon lithography (TPL) is 
of particular interest and allows direct fabrication of sub-wavelength 2D/3D structures near 
the polymerization threshold based on photo-polymerizable material 
[10],[11].[12]
,
[13]
,
[14],[15]
,
[16]. Since TPL is restricted to polymeric materials [17], one of 
the current challenge is the direct writing of functional structures inside metal-polymer 
composite. Since metals do not form self-supporting  micro/nano structures due to their weak 
mechanical strength[18], hence patterning of metals have become a bottleneck in verification 
of theoretical concepts relevant to plasmonics and 
metamaterials,[19],[20],[21],[22],[23],[19],[23],[24]. Metal loaded polymer composite 
structures have been fabricated in PVA & SU8 matrix using TPL previously[25],[26]. 
However PVA-gold composite structures are huge where as SU8 reduces gold precursor 
immediately after mixing thereby leading to complications.  
 Traditionally, TPL utilizes two-photon absorbing dyes for fabricating subwavelength 
structures. However, these two-photon dyes are expensive and hence limits the potential of 
this fabrication technique [4],[27]. Dyeless TPL fabrication using inexpensive, commercially 
used photoinitiators such as Irgacure, Lucirin TPOL, PC2506 etc. have been explored in the 
past. However, the resolution of these structures could be achieved up to few microns only 
due to small two photon absorption (TPA) coefficient [28],[29],[11],[30], [31]. However high 
radical quantum yield of 0.99 and better solubility in most of the resins[32] makes Lucirin 
TPOL a better choice for patterning finer structures using TPL.  
Here we report fabrication of metallic sub-wavelength structures in polymer matrix 
using 20 wt% lucirin TPOL loading and without any dye molecule. Using this modified 
chemistry,  we have fabricated highly stable 2D and 3D gold-polymer composite functional 
structures such as optical gratings with different periodicities. These were then characterized 
by calculating diffraction efficiency. The formation of gold-polymer composite was verified 
using secondary and back scattered micrographs obtained using scanning electron 
microscopy(SEM). We have further systematically investigated the effect of laser power, 
metal precursor loading etc. on the line-widths. This advancement is expected to simplify 
fabrication of complex 2D & 3D pasmonic structures  at significantly low cost and with high-
throughput.  
Experimental Procedure: 
Gold precursor loaded two liquid resins; triacryclicmonomers, tris (2-hydroxy ethyl) 
isocyanurate triacrylate (SR368) and ethoxylated (6) trimethylolpropane triacrylate (SR499) 
[Sartomer] were subjected to femtosecond laser irradiation. SR499 reduces structural 
shrinkage, whereas SR368 confers hardness to the structure during the laser irradiation. The 
samples were prepared by mixing SR368 and SR499 in the ratio of 48:49 by weight percent 
(wt %). 20wt% of a photoinitiatorethyl-2,4,6-Trimethylbenzoylphenylphosphinate (Lucirin- 
TPOL from BASF] was added to this mixture.  Different wt% of gold (III) chloride trihydrate 
(HAuCl4.3H2O) powder [Alfa Aesar] was loaded in the above solution.  Finally a ~ 3μm 
thick film was spin coated uniformly on a cover glass. Prior to spin coating, the cover glass 
was silanized with 3-aminopropyl triethoxysilane to facilitate the adhesion of the mixed resin. 
Acrylate-coated cover glass was positioned on a XYZ piezo-stage (PI-nanopositioner E-725) 
of an inverted optical microscope [Olympus-IX81]. The samples were then irradiated with 
Ti-sapphire laser source (Coherent made, Chameleon Ultra I) at 800nm wavelength, 140fs 
pulse width and a repetition rate of 80MHz via acousto-optic modulator as shown in figure 
S1 (supporting information).  A 100X objective lens with numerical aperture of 0.9 was used 
to focus the beam inside the resin. An EMCCD attached to microscope facilitates the real 
time monitoring of the fabrication process. The experimental setup was controlled using 
LabVIEW and various scan rates were employed to fabricate the gratings. The unexposed 
resin was washed off in dimethylformamide (DMF) after writing. Since the temperature rise 
in the focal volume is sufficient enough for annealing [33], no post baking of the sample was 
performed. 
 Several samples of gold-polymer composite lines with 1wt%, 5wt% and 10wt% gold 
loading were fabricated. Structural analysis was performed by measuring the line width of the 
grating in the micrographs obtained from scanning electron microscopy (SEM). Functional 
grating structures with 1.5μm, 2.5μm and 5μm periodicity were fabricated inside pure 
polymeric resin as well as in 1wt%, 5wt% and 10wt% gold precursor loaded polymeric 
matrix. Large area SEM micrograph (560μm x 280μm) of the gratings fabricated inside 5wt% 
gold loaded polymer is shown in figure 1(a). The periodicities of the gratings are 1.5μm, 
2.5μm and 5μm for bottom to top gratings respectively. Figure 1(b) is the zoomed in SEM 
micrograph of the 1.5µm period grating showing finely spaced  lines. The colour images in 
figure S2 are the optical images of the large area (840µm x 840 µm) gratings captured in 
reflection mode using smartphone at different angles. EDAX spectrum for the sample in 
figure 1(c) shows strong signal at around 2.30 keV, which is in good agreement with the 
standard data. The presence of the silicon, sodium and potassium peaks in EDAX spectrum is 
from the glass cover slip. Further, the presence of gold nanoparticles was confirmed using 
backscattered electron (BSE) micrographs shown in figure 1(d). Large size gold nanoparticles 
embedded in polymer have been marked by yellow dotted circle in inset of figure 1(d). The 
full scale backscattered electron imagesare shown in figure S3. 
 
Figure 1: a) Large area (560μm X 280μm) SEM micrographs of optical gratings  fabricated 
in 5wt% gold loaded polymer matrix with periodicity of 1.5μm, 2.5μm and 5μm for bottom to 
top respectively. (b) Zoomed in image of 5wt% gold loaded grating showing the sturdy 
structure. (c) EDAX spectrum showing the presence of gold in the fabricated nanostructure. 
(d) Backscattered electron image showing the presence of gold naoparticles. Inset shows the 
secondary electron image of the lines with chunk of gold nanoparticle (marked with yellow 
circles). 
Diffraction patterns from the grating with periodicity 1.5µm, 2.5µm and 5µm 
fabricated inside 10wt% gold loaded polymer matrix (SEM images in figure 2(a-c))has been 
recorded using 712 nm laser at normal incidence and are shown in corresponding pannels  
respectively. Well-resolved diffraction patterns are evidence to the high quality of grating 
structures. Decreasing of line spacing shows an increase in the diffraction angle, hence 
following the Bragg equation of diffraction.  The diffraction patterns obtained from a grating 
and 2D mesh structure are shown in figure S4. 
 
Figure 2: Diffraction pattern of red laser (712 nm) from gratings with (a) 1.5µm, (b) 2.5µm 
and (c) 5µm periodicity fabricated inside 5wt% gold loaded polymer 
The diffraction efficiency of the grating structures fabricated in pure polymer, 0 wt%, 
5 wt% and 10wt% gold loaded polymer matrix with constant periodicity of 1.5 µm has been 
compared in figure3. Tunable femtosecond laser source in the wavelength range 800nm-
1000nm and constant laser power of 400 mW has been employed for these measurements. 
The diffraction efficiency of gold loaded grating structures has been found to be more than 
that of pure polymer and is maximum for 10 wt % gold loading. This effect could be 
attributed to the broader line-width of the undoped polymer where the spacing between the 
lines is smaller than the wavelength used hence the diffraction is weak. With increase in the 
gold concentration the line width decreases and the spacing between the two consecutive 
lines increases(SEM images in the left of figure 3) causing more energy distribution in higher 
order diffraction modes. This phenomenon can be explained on the basis of N slit experiment. 
A set of N parallel slits illuminated by a monochromatic wave show that the intensity of the 
light passing through the slits will depend upon the angle Ɵ between the direction of the light 
propagation and the perpendicular to screen as[34]; 
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I0 is the intensity of the light in the centre of the diffraction for a single slit of width b, 
d is the distance between the slits and k=2π/λ is the wave vector and λ is the wavelength. The 
first term of the equation in the square brackets describes the Fraunhofer diffraction on one 
slit and the second term describes the interference from N point sources. The intensity of the 
light passing through the slit is proportional to b while the width of the diffraction pattern is 
proportional to 1/b. For this reason the intensity of the light I0 in the centre of diffraction 
pattern will be proportional to b
2
 causing the reduction in the intensity of 0
th
 order diffraction 
pattern. 
 
Figure 3: Measured diffraction efficiency of the grating structures fabricated in 0wt%, 1wt%, 
5wt% and 10Wt% gold loaded polymer matrix. Right panel are the SEM images of respective 
grating with periodicity of 1.5µm. 
The SEM images of large area gating structures with varied spacing have also been  
fabricated in 0 wt%, 1wt%, 5wt% and 10wt% gold loaded sartomer and are shown in figure 
S5, S6, S7, S8 (supporting information) respectively. Further to show the capability of 
writing functional 2D and 3D plasmonic devices we have successfully fabricated mesh 
structures with varied gold loading. We have fabricated 2D mesh structures in 0 wt%, 1wt%, 
5wt% and 10wt% gold loaded sartomer (figure S9). Figure 4(a) is the SEM image of the 2D 
mesh structure written inside 10wt% gold loaded polymer. The diffraction pattern of  red 
laser (712 nm wavelength ) for this 2D mesh structure showing bright and intense maxima 
can be seen in the inset of figure 4(a).A 3D mesh structure having 3 layers fabricated inside 
1wt% gold loaded polymer is sown in figure 4(b). The SEM images of the 3 layer mesh 
structure at different magnifications are shown in figure S10.  
 
Figure 4: (a) SEM image of the 2D mesh structure written inside 10wt% gold loaded 
polymer. Inset in 4(a) is the diffraction pattern of red laser (712 nm) from the respective 2D 
mesh structure. (b)  3 D (3 layer) mesh structure fabricated inside 1wt% gold loaded polymer 
Further to investigate the influence of laser power on feature sizes of 0wt, 1wt%, 
5wt% and 10 wt% gold loaded polymeric lines, a systematic study was performed. Different 
line widths in the range of 390 nm to 750 nm were achieved by varying the concentration of 
gold precursor loading as shown in figure 5(a). SEM micrograph of 5% gold loaded 
polymeric structures in figure 5(b) shows feature size of ~ 390nm with gold nanoparticles 
embedded inside the polymer matrix. Gold nanoparticle loaded polymer lines can only be 
formed in the laser-exposed regions. The amount of free radicals generated by Lucirin TPOL 
is responsible for initiation of polymerization process of the sartomer as well as reduction of 
the gold precursor in the laser irradiated region. 
 
Figure 5: (a) Plot of laser power vs. line width for pure polymer and gold loaded polymeric 
structures with different loading.  (b) SEM image of 5wt% gold loaded polymeric lines 
showing sub-wavelength feature size of 390nm.  
The threshold value of the laser power for writing the structures within polymer with 
gold precursor up to 5wt% was found to be roughly the same (~18mW) as that for pure 
polymeric photoresist. The line width was found to increase with increasing laser power and 
decrease with increase in gold concentration up to nearly 5wt% loading at ~18mW. This 
decrease in line width with increasing gold concentration can be attributed to the coupling 
between free radical polymerization and gold reduction. It can be understood as the two 
processes compete against each other giving rise to finer features. It was observed that for 
10wt% gold loaded samples the threshold value of laser power for writing increased to 
24mW; additionally the feature size also increased as compared to 5wt% gold loaded 
polymeric lines. A minimum feature size of ~ 670nm was obtained for 10wt% gold loaded 
polymeric structures near threshold value, below which writing was not possible. This 
increase in feature size may be attributed to the increase in the laser threshold value. Initially 
there is a competition between oligomers and gold ions for free radical, which leads to 
reduction in line width up to 5wt% gold loading. It is well known that small gold 
nanoparticles are more mobile than the gold ions[19], which gets evident by the increased 
line width for 10wt% gold precursor loading.  
Writing process starts with the absorption of 800nm light by the photo-initiator 
(Lucirin- TPOL). Free radical generated by TPA starts to reduce the gold precursor leading to 
the formation of gold nanoparticles in the polymeric matrix. Unlike SU8-gold precursor film, 
the sartomer-gold precursor film doesn’t show any signs of degradation under normal room 
light or by simple mixing. The gold films were found to be stable even after a week of 
storage time. The detailed mechanism of simultaneous photo-polymerization and gold 
reduction is presented below[35]: 
Two photon initiation of lucirin-TPOL gives rise to two free radicals  
 
Free radical polymerization initiation of monomer 1: 
 Propagation of chain polymerization reaction with monomer 2: 
 
Termination by free radical combination 
 
Reduction of gold  from Au
+3
 to Au
+2
 by the free radical: 
 
Fast disproportionation of Au
+2
: 
 
Disproportionation of Au
+1
 and Au
+2
 to reduce Au
+3
 and Au
0
: 
 Gold nanoparticle formation 
 
Figure 6(a) (red curve) shows the variation in the line width for various wt% gold 
loaded polymeric lines written at constant laser power. Blue curve measures the spacing 
between the two lines for various gold loading, written at constant periodicity of 1.5μm. Line 
span i.e maximum and minimum line widths obtained at a particular gold loading has also 
been plotted in figure 6(a). The writing threshold is higher for 10wt% gold loading with less 
spanning of line width. It is likely that sharing of photoinitiator between gold and oligomer 
causes this effect. It is apparent that with the increase in the gold loading, more and more 
hungry gold ions participate in the photoreduction process leading to less spanning in the line 
width. The upper threshold value for writing the structures with 1%, 5% and 10% loading 
is~186 mW beyond which the sample starts to ablate.  Figure 6 (b) and (c) shows the grating 
structures written inside pure resin and 10wt% gold doped resin, respectively. The periodicity 
of both these gratings in this figure was kept constant to show the reduction in line width with 
increase in the gold loading at constant laser power.  
 
Figure 6: (a) Measurement of line width for various wt% gold loaded polymeric lines (red 
cure). Blue curve represents the increase in line spacing with increase in gold loading 
measured at constant periodicity of 1.5μm for the gratings. Line spanning at various gold 
concentrations has also been plotted (green curve).SEM micrographs of grating structures 
fabricated in (b)0wt% and(c)10wt% gold loaded polymer matrix respectively at constant 
laser power just above the threshold value. The grating period is 1.5μm and constant for both 
the structures.  
 
Conclusion: 
In conclusion, we have fabricated large area 2D and 3D functional subwavelength  
nanostructures in the form of diffraction gratings of gold loaded polymer composite by 
femto-second laser based two-photon lithography using single photon photoinitiators only in 
pure and metal precursor doped polymers. Free radicals generated by lucirin-TPOLare found 
to be responsible for this process which eradicates the need of an expensive two-photon dye.  
Two photon initiated photoreduction of gold precursor and simultaneous free radical 
polymerization of sartomer facilitates the fabrication of gold nanoparticle embedded 2D 
polymeric matrix. This phenomenon can be extended to the fabrication of 3D gold loaded 
polymeric structures. Features with line widths as small as 390nm has been observed for 
5wt% gold doped resin without using any expensive two photon dye. The impact of critical 
process parameters such as laser power, gold doping etc on feature sizes has also been 
studied. This approach is expected to pave way for in-situ fabrication of high gold loaded 
polymer matrix which holds potential application towards novel 3D metamaterials, 
plasmonics and other optical technologies. 
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